Toughening in hierarchically structured materials like bone arises from the arrangement of constituent material elements and their interactions. Unlike microcracking, which entails micrometer-level separation, there is no known evidence of fracture at the level of bone's nanostructure. Here, we show that the initiation of fracture occurs in bone at the nanometer scale by dilatational bands. Through fatigue and indentation tests and laser confocal, scanning electron, and atomic force microscopies on human and bovine bone specimens, we established that dilatational bands of the order of 100 nm form as ellipsoidal voids in between fused mineral aggregates and two adjacent proteins, osteocalcin (OC) and osteopontin (OPN). Laser microdissection and ELISA of bone microdamage support our claim that OC and OPN colocalize with dilatational bands. Fracture tests on bones from OC and/or OPN knockout mice (OC −/− , OPN −/− , OC-OPN −/−;−/− ) confirm that these two proteins regulate dilatational band formation and bone matrix toughness. On the basis of these observations, we propose molecular deformation and fracture mechanics models, illustrating the role of OC and OPN in dilatational band formation, and predict that the nanometer scale of tissue organization, associated with dilatational bands, affects fracture at higher scales and determines fracture toughness of bone.
Toughening in hierarchically structured materials like bone arises from the arrangement of constituent material elements and their interactions. Unlike microcracking, which entails micrometer-level separation, there is no known evidence of fracture at the level of bone's nanostructure. Here, we show that the initiation of fracture occurs in bone at the nanometer scale by dilatational bands. Through fatigue and indentation tests and laser confocal, scanning electron, and atomic force microscopies on human and bovine bone specimens, we established that dilatational bands of the order of 100 nm form as ellipsoidal voids in between fused mineral aggregates and two adjacent proteins, osteocalcin (OC) and osteopontin (OPN). Laser microdissection and ELISA of bone microdamage support our claim that OC and OPN colocalize with dilatational bands. Fracture tests on bones from OC and/or OPN knockout mice (OC −/− , OPN −/− , OC-OPN −/−;−/− ) confirm that these two proteins regulate dilatational band formation and bone matrix toughness. On the basis of these observations, we propose molecular deformation and fracture mechanics models, illustrating the role of OC and OPN in dilatational band formation, and predict that the nanometer scale of tissue organization, associated with dilatational bands, affects fracture at higher scales and determines fracture toughness of bone. noncollagenous proteins | diffuse damage | energy dissipation I n hierarchically structured materials, the composition and spatial arrangement of nanoscale elements are the key determinants of toughness (1, 2) . In comparison with many man-made materials, cortical bone is well known for its superior toughness (3, 4) . Bone's ability to resist crack propagation originates from its highly complex hierarchical material structure ( Fig. 1) . At the highest level of material structure in adult human bone lie the osteons (0.1-0.2 mm in diameter) that contribute to toughness by trapping microcracks (5, 6) and participate in the formation of "uncracked ligaments" (7) . Osteons are made of multiple 3-to 7-μm-thick sheets (lamellae) of mineralized matrix. Individual lamellae have the ability to slide past each other (8, 9) , forming 60-to 130-μm-long linear microcracks (9) that provide resistance to fracture through microcrack toughening (10) . Individual mineralized collagen fibrils <1μm thick, which make up the lamellae, bridge the crack surfaces and toughen the bone (7) . Bone's ability to crack, and not fracture by propagating that crack, is therefore a key fundamental aspect of the toughening mechanisms at the microstructural level (10) .
Recent evidence suggests that bone's nanostructure contributes to bone toughness (11) . The nonfibrillar and ductile extrafibrillar matrix components in bone can serve as a "glue" between stiffened mineralized collagen fibrils (11) and between fibrils and mineral platelets (12) . Fibril matrix shearing (13) has been proposed to enhance bone toughness through mineral interparticle friction (14) and "sacrificial bonds," a nanoscale mechanism that facilitates energy dissipation (11, 15) . Stick/slip-type matrix flow (13) and the presence of a "crack-like flaw" within mineral crystals of bone (16) have also been invoked to explain the remarkable strength of bone. Although fracture/damage phenomena at the fibrillar level have been shown (17) , the initiation of these processes remains unclear.
We explored the involvement of the noncollagenous proteins osteocalcin (OC) and osteopontin (OPN) in bone fracture. OC and OPN are directly associated with mineral or mineral-collagen complexes (18, 19) . Osteocalcin has been shown to bind strongly to the bone mineral hydroxyapatite (20) and it complexes with and links to collagen through osteopontin (18) . Osteocalcin's ability to link the mineral and organic components of bone renders it a strong candidate for serving a mechanical function in bone. Osteopontin also associates strongly with bone mineral and participates in the rupture and reformation of "Ca 2+ -OPN sacrificial bonds" (15) . OPN plays the role of "bone glue" and imparts in bone an ability to resist crack growth (21) and repair its matrix damage through sacrificial bonding (15, 21) or remodeling (22, 23) .
To investigate in detail, we conducted controlled crack propagation and fatigue tests on a human bone specimen. We subsequently used various imaging modalities like laser confocal, scanning electron, and atomic force microscopy to investigate the regions of microdamage. Here, we present unique evidence, showing that bone fracture involves the formation of "dilatational bands." Dilatational bands are distinct ellipsoidal voids ∼100 nm in size that form due to the deformation of noncollagenous protein complexes embedded within bone's rigid mineralized matrix. We show that these bands colocalize with OC and OPN and form in between fused mineral aggregates. To directly confirm the role of OC and OPN in regulation of microdamage and bone toughness, we used genetic knockout mice models. Fracture tests and microdamage analyses on bones from osteocalcin, osteopontin, and osteocalcin-osteopontin knockout mice (OC −/− , OPN −/− , and OC-OPN −/−;−/− ) established the direct involvement of OC and OPN in dilatational band formation. Furthermore, indentation studies on fatigued bovine bone showed that the association of dilatational bands with bone microdamage results in greater energy dissipation. On the basis of these observations, we propose molecular deformation and fracture mechanics models, illustrating the role of OC and OPN in microcracking, and predict that the nanometer scale of tissue organization associated with dilatational bands affects damage at higher scales, like diffuse damage, and determines fracture toughness of bone.
Results
Evidence of Dilatational Band Formation in Bone. Controlled crack propagation and fatigued human bone specimens (protocols described in Materials and Methods) were imaged using various modalities to identify regions of bone microdamage. Fig. 2A shows that the fracture zone in bone comprises microcracks, uncracked ligaments, and collagen fibrils that span the cracks. In addition to linear microcracks, laser confocal microscopic images ( Fig. 2 B and C) of bone fracture in controlled crack propagation studies show the presence of diffuse damage on the crack path and within the uncracked ligament. Diffuse damage (DD), as we and others have previously reported (9, (24) (25) (26) (27) , forms under tensile loading and is characterized by several submicroscopic cracks. Unlike linear microcracks (LM), examination of diffuse damage patches under high-resolution laser confocal, atomic force, and scanning electron microscopy shows the formation of dilatational bands ( Fig. 3 ).
Dilatational bands vary in density and are distinct from the submicroscopic cracks within the diffuse damage areas. In particular, they are ellipsoidal voids that are oriented normal to the loading direction, along the diagonal in Fig. 3 A and B. Fig. 3 C-E shows the atomic force microscopy (AFM) topographical images of a region with dilatational bands of the order of 100 nm. The AFM investigation of the damage site confirmed that, in agreement with their confocal laser scanning microscopy (CLSM) analysis, the dilatational bands originated within the fused mineral aggregates ( Fig. 3 C and D) that are known to exist in the region between mineralized collagen fibrils (28, 29) . The mineral aggregates extend into the extrafibrillar space surrounding mineralized collagen fibers and link to each other and collagen through protein complexes (30) . Tensile loading of this assembly leads to strain inhomogeneity (31) and results in inelastic deformation and dilatational band formation (Fig. 3D ).
The formation of dilatational bands ( Fig. 3C ) occurs before any collagen fibril deformation or separation of mineralized fibril ( Fig. 3D ) and it represents a nanoscale fracture phenomenon in bone that has not been identified before. These bands grow in size and number ( Fig. 3E ) and cause matrix failure at the next level of bone hierarchy, in the form of diffuse damage, and through rupture and separation of mineralized collagen ( Fig. 3D ) reported previously (13) . Consistent with our results, previous studies also show that fused mineralized aggregates are indeed of the same order (∼100 nm) (32, 33) as the size of dilatational bands reported here ( Fig. 3 C-E). A 3D rendering of dilatational bands has also been shown ( Fig. 3F ).
Association of Osteocalcin and Osteopontin with Dilatational Bands.
After identifying that the dilatational bands form among the fused mineral aggregates located in the extrafibrillar space, we sought to investigate whether OC and OPN are associated with the formation of these bands. Thus, we looked at the spatial distribution and levels of OC and OPN. We stained for OC and OPN, using immunohistochemical protocols (described in Materials and Methods). In all of the sections examined, we found that the dilatational bands colocalized with OC and OPN ( Fig. 4A ).
To quantify the levels of OC and OPN in the diffuse damage areas containing dilatational bands, we used ELISA. ELISA allows rapid screening and quantification of samples for the presence of antigen (here, OPN and OC), using specific antibodies. We found that at the nanoscale level there was ∼25 times more OC (P < 0.05) in the damaged regions containing dilatational bands (8.05 ± 1.71 nmol OC/g bone) than in the adjacent nondamaged control (0.31 ± 0.21 nmol OC/g bone). OPN content in the damaged area (0.63 ± 0.14 nmol OPN/g bone) was also greater (P < 0.05) than in its nondamaged control (0.46 ± 0.10 nmol OPN/g bone). Thus, protein analysis confirmed that diffuse damage regions containing dilatational bands had greater amounts of osteocalcin and osteopontin than spatially matched controls.
Fracture Toughness Testing and Microdamage Analysis of Bones
Obtained from OC −/− , OPN −/− , OC-OPN −/−;−/− , and WT mice. To directly confirm the role of osteocalcin and osteopontin in bone toughness and dilatational band formation, we mechanically tested (34) bones of four genotypes: wild type (WT), osteocalcin knockout (OC −/− ), osteopontin knockout (OPN −/− ), and double knockout (OC-OPN −/−;−/− ). We found that bones from OC −/− , OPN −/− , and OC-OPN −/−;−/− mice had a lower propagation toughness than the WT controls, indicating an increased propensity of bone to fracture in the absence of OC and/or OPN ( Fig. 4B ). Analysis of microdamage in all of the genotypes showed a dramatic reduction in diffuse damage formation in the OC −/− , OPN −/− , and OC-OPN −/−;−/− mice compared with WT controls (Fig. 4C ). All knockout genotypes were devoid of any dilatational bands. Additionally, there were no significant differences in the fracture toughness values between the OC −/− , OPN −/− , and OC-OPN −/−;−/− groups. A similar result was seen for diffuse damage formation. These findings suggest that, akin to links in a chain, the absence of OC, OPN, or both OC and OPN from the bone We then asked, Is the preferential colocalization of dilatational bands with diffuse damage and not linear microcracks a pure coincidence? Or does nanoscale fracture, in the form of dilatational bands, trigger a plethora of toughening mechanisms at higher scales like diffuse damage? It is noteworthy that in bone with a high level of toughness, diffuse damage, containing dilatational bands, has been shown to be more prevalent compared with linear microcracksdamage occurring at a higher scale in bone's hierarchy (9, 10) .
To address the above issues, we histologically identified microdamage in the midspan region of fatigued bovine bone. Mechanical assessment of damage was then done by microindentation-based measurements of the local tissue hardness. Target areas of interest included (i) a diffuse damage region, (ii) a 50-to 100-μm zone surrounding diffuse damage, (iii) a 0-to 50-μm zone surrounding linear microcracks, and (iv) a 50-to 100-μm zone surrounding linear microcracks. The hardness data from the control as well as from each region of damage were examined using an ANOVA test and post hoc Student-Newman-Keuls analysis (SigmaStat 2.0).
Compared with controls, diffuse damage and 0-to 50-μm zones surrounding linear microcracks showed a significant drop in hardness (P < 0.05; Fig. 5A ). The percentage of hardness loss was, however, distinct. The diffuse damage region lost 13%, whereas the 0-to 50-μm zone surrounding linear microcracks lost 7% of its initial hardness ( Fig. 5B ). There were no significant differences between the 50-to 100-μm zones and the corresponding control values for both LM and DD ( Fig. 5 A and B) .
Effects of Microdamage on Matrix Toughening Mechanisms and Frac-
ture Toughness of Bone. The effects of damage-induced hardness loss on fracture toughness of bone and higher-scale toughening mechanisms including uncracked ligaments and crack ligament bridging were investigated via cohesive finite-element and analytical modeling, respectively. Cohesive finite-element models represent the physical processes including damage in the vicinity of a propagating crack by a simplified traction-displacement relationship and consequently isolate the fracture process from the surrounding continuum constitutive model (35) (36) (37) . A number of simulations (more details in SI Materials and Methods) incorporating diffuse damage only, linear microcracks only, and diffuse damage plus linear microcracks were performed to compare the effects of a single linear or diffuse patch on fracture initiation and propagation in bone. No attempt was made to incorporate the effects of damage distribution or interaction between damage morphologies. Inclusion of these effects is likely to magnify the effects of damage presented below.
Inclusion of all microdamage effects (linear microcracks and diffuse damage) in simulations predicted the initiation fracture toughness of bone to be K LM+DD = 2.57 MPam 1/2 . When the cohesive parameters were reduced according to 7% and 13% hardness loss for LM and DD, initiation toughness reduced to K LM = 2.43 MPam 1/2 and K DD = 2.32 MPam 1/2 , respectively. Furthermore, DD formation resulted in a greater total uncracked ligament length (580 μm) than LM (540 μm) and the crack resistance curve slope, defining propagation toughness, was an order of magnitude higher for DD (10.5 MPa) compared with LM (0.9 MPa). Thus, if the cohesive model parameters are changed to incorporate material softening due to damage morphologies, there is a greater resistance to fracture as well as a greater magnitude of uncracked ligament length associated with dilatational bands containing diffuse damage than linear microcracks.
Another form of toughening mechanism in bone occurring at a lower scale than uncracked ligament is crack bridging via collagen fibrils (7) . The contribution of crack bridging to fracture toughness of bone occurring through diffuse damage and linear microcracks was investigated using an analytical model with constant crack bridging stresses distributed over the crack surfaces. Microindentation data presented in the current study and the crack-length data for linear microcracks and diffuse damage from a previous study (9) for young (38 ± 9 y) and old (82 ± 5 y) human donors were used in conjunction with the analytical model to evaluate the crack-bridging-based bone toughening (details in SI Materials and Methods) in different damage morphologies. Crackbridging-based bone toughening in diffuse damage was predicted to be 2.61 and 1.27 times more effective than linear microcracks in younger and older donors, respectively. Thus, similar to findings at the higher hierarchical scale presented above, these results indicate that diffuse damage provides a larger contribution to crackbridging-based bone toughness than linear microcracks.
The model also predicted the role of crack orientation (longitudinal or transverse) in determining the resistance to crack growth. Dilatational bands in bone contribute to toughening in both the transverse and the longitudinal directions. Crack propagation in the transverse direction needs over five times the driving force or energy than that in the longitudinal direction (38) . Thus, transverse cracking due to dilatational band formation and coalescence indicates greater energy dissipation during the fracture process. Enhanced toughening due to transverse cracking in diffuse damage regions containing dilatational bands has been predicted by our cohesive modeling. Their growth in the longitudinal direction, as a result of protein deformation, also causes energy dissipation. The energy dissipated due to these protein-based interactions is explained via a dilatational band model ( Fig. 6 ) presented in Discussion.
Discussion
Structural organization of constituent elements is critical to material strength and fracture resistance. Natural composite materials like bone exploit structural hierarchy and exhibit superior mechanical properties compared with many man-made materials (2) . Our studies indicate that hierarchy is critical to bone's toughness where toughening mechanisms at the lower scales of tissue organization facilitate toughening at higher scales and provide bone with the ability to resist fracture ( Fig. 1) . At the nanoscale, diffuse damage formation ensues from dilatational bands. On the basis of the results presented in this study, we hypothesize that dilatational bands result from the tensile loading of noncollageneous matrix proteins, in particular, osteocalcin and osteopontin, both of which are known to bind adjacent mineral aggregates through calcium ion-mediated complexes (18) . In the absence of continuous tensile loading, the deformed protein complexes may "close" or completely recover the deformation to the initial unloaded state in a time-dependent manner (anelastic behavior). However, under continued loading, inelastic deformation of the protein complexes results in the formation of dilatational bands (Fig. 3C) . Subsequent loading of the dilatational bands will cause shearing and rupture of mineralized collagen fibrils and formation of diffuse damage (Fig.  3E) . The diffuse damage regions will then affect the formation of linear microcracks at the 3-to 7-μm level (Fig. 1) , by controlling the sliding of the lamella past each other.
The above analysis requires that dilatational bands play a critical role in bone toughness through the osteocalcin-osteopontin complex. Whereas the contribution of osteopontin to bone toughness has been elegantly demonstrated by Hansma and coworkers (39) , our proposal uniquely places osteocalcin as a critical component of bone toughness hierarchy. It is noteworthy that, in contrast to OPN alone, OC may enhance bone toughness because it is significantly smaller in size (∼50 amino acids) than osteopontin (∼300 amino acids) and is 13 times as abundant as osteopontin in diffuse damage regions where it contributes superiorly to bone toughness through the OC-OPN-OC complex (details in SI Discussion). The role of the OC-OPN complex in regulating bone toughness was confirmed by fracture toughness tests on bones obtained from OC −/− , OPN −/− , and OC-OPN −/−;−/− mice. In particular, we show that OC and OPN operate in tandem and act akin to links in a chain. Consequently, the deletion of either one or both of these links from bone matrix leads to the disruption of the chain and causes a similar magnitude of toughness loss in the knockouts compared with their WT controls.
To demonstrate the contributions of dilatational bands to bone toughness, we propose a simple model (Fig. 6) where two OC molecules are connected to each end of OPN through transglutaminase analogous motifs (40) at the N terminus of OC or through α-helix-based interactions. Unfolding of OC and OPN secondary structures in the OC-OPN-OC complex could result in total extension of the dilatational band to a length of 135 nm (assuming each amino acid is 0.35 nm long) (39) . Continued extension and eventual separation of the OC-OPN complex dictates the higher-order damage mechanisms involving collagen fibril rupture and shear (13) (Fig. 6 ) and leads to the formation of diffuse damage. Consistent with this model, fracture testing of OC −/− , OPN −/− , and OC-OPN −/−;−/− mice bones show that the absence of OC, OPN, or both OC and OPN disrupts dilatational band formation and leads to dramatic and similar magnitudes of reduction in diffuse damage formation and toughness. The absence of dilatational bands in the tested genetic knockout mice bones supports our hypothesis that OC and OPN are integral to dilatational bands and to subsequent diffuse damage formation. Osteocalcin has been shown to have an average of three hydroxyapatite attachment sites (carboxylated Gla residues on OC) with an average binding affinity of K ∼ 10 −7 (41) . Osteopontin exhibits an average of 20 Ca +2 -OPN interactions with an average binding affinity of K ∼ 1.1 × 10 −3 (42) . We believe that these interactions result from sacrificial bonding involving mineral and collagen. The strength of the interaction between osteocalcin and osteopontin is of the order of 10 −8 (18) . Assuming that all Ca 2+protein interactions are broken during the formation of a single dilatational band, we estimate a dissipation of over 5 eV per band. Furthermore, accounting for H-bond rupture during the unfolding of individual protein molecules at later stages of deformation leads to total energy dissipation of the order of 50 eV. These calculations, consistent with experimental data reported by Hansma et al. (43) , emphasize the role of ionic interactions in the deformation and energy dissipation by OPN and OC. The relative contributions of OC and OPN to energy dissipation (details in SI Discussion) are valid if both OC and OPN form the intact and chain-like dilatational band complex. The absence of OC, OPN, or both OC and OPN will disrupt the chain and dramatically reduce energy dissipation by similar magnitudes as is experimentally observed in this study. It is noteworthy that osteocalcin has been preserved throughout the evolution of bone (44) and, to the best of our knowledge, this study provides unique evidence of its role in bestowing bone with fracture resistance.
In conclusion, we found that fracture in bone initiates as dilatational bands that form as a result of OC-OPN interaction, where the role of OC is to anchor OPN to mineral and participate in energy dissipation. Dilatational band formation via the OC-OPN complex is therefore crucial to energy dissipation, and in the absence of either protein, the complex is disrupted, resulting in a dramatic loss of toughness. The association of dilatational bands with damage at higher scales, including diffuse damage, explains their contribution to bone toughness. Thus, any changes in bone's nanostructure (i.e., mineral, collagen, and noncollagen proteins), reported in osteoporosis and metabolic bone diseases (45) (46) (47) (48) (49) , will dramatically reduce bone toughness by altering toughening at from nano-to macro scales.
Materials and Methods
Controlled Crack Propagation Tests. Compact specimens (width = 14 mm, thickness = 3 mm, initial crack length = 7mm) were prepared from human tibial middiaphysis and subjected to fracture mechanics tests [American Society for Testing and Materials (ASTM) E399]. A crack propagation gauge (Micromeasurement Ltd.; TK-09-CPB02) was mounted on each compact specimen, and the specimen was loaded under constant irrigation of saline at 37°C on an MTS servo-hydraulic testing machine at 0.05 mm/min. A total crack extension of 2.25 mm was achieved. Following testing each specimen was bulk stained in basic fuchsin (48) . Basic fuchsin fluoresces at 568 nm excitation, illuminating both the microcracks and the areas of diffuse staining containing submicroscopic cracks.
Fatigue Tests. Rectangular parallelepiped beams (4 × 4 × 48 mm) were machined from the anterior and posterior quadrants of the tibial middiaphysis of human tibiae and subjected to fatigue loading in a four-point bending configuration. This enabled us to get distinct regions with both diffuse damage and linear microcracks (9) . The tests were conducted on a servohydraulic machine (MTS Bionix Model 858) and specimens were loaded in the same anatomical configuration to induce compression on the endocortical side and tension on the periosteal side (9) . Each specimen was fatigue loaded under load control at 2 Hz up to its normalized load corresponding to 5,000 μstrain at the midspan. Tests were stopped when specimen deflection reached a preset point corresponding to a modulus loss of 50%.
Immunohistochemical Staining for OPN and OC. Basic fuchsin-stained bone slices, containing microdamage due to fatigue loading described above, were hydrated in sterile PBS for 30 min and stained for OPN and OC. Primary antibodies for osteopontin (raised in rat) (MAB3055; Chemicon) and osteocalcin (raised in mouse) (MAB1419; R & D Systems) were added to the sections at concentrations of 2 μg/mL and 10 μg/mL, respectively. Following incubation, the samples were rinsed and secondary antibodies including a donkey anti-rat Alexa Fluor 488 (A21208; Invitrogen) and a goat anti-mouse Alexa Fluor 405 (A31553; Invitrogen) were added at concentrations of 10 μg/mL.
Laser Microdissection and Protein Isolation of Damaged Bone and Its Controls.
Five-micrometer transverse sections of the fatigued specimen were bonded to a membrane slide [Molecular Machines and Industries (MMI)], preimaged, and laser cut using the Olympus IX71 Inverted Microscope (Olympus America) equipped with MMI CellTools. Images of the sections were used to cut circular areas enclosing damaged bone and their spatial controls. The sample was automatically collected into an Eppendorf tube with an adhesive cap (MMI) and used immediately for protein isolation or stored at −80°C until use. Extraction buffer (0.05 M EDTA, 4 M Guanidine chloride, 30 mM Tris·HCl, 1 mg/ mL BSA, 10 μL/mL Halt Protease Inhibitor from "Pierce," pH 7.4) was added to the tubes containing laser-microdissected samples. These were incubated overnight at 4°C and transferred into an Eppendorf tube with a dialysis membrane (Spectra Por 3 Dialysis Membrane; Spectrum Laboratories) and closed. Microdialysis was conducted at 4°C against PBS buffer, pH 7.4. After dialysis, the samples were centrifuged. Supernatants were used directly for OPN and OC ELISA analyses or freeze-dried and stored at −80°C until use.
ELISAs. Detection and quantitation of OC and OPN were performed using the hOST-ELISA and Human Osteopontin Assay kits (American Research Products), following manufacturer protocols.
Small Animal Bone Fracture Mechanics. Femora from 6-mo-old OC −/− , OPN −/− , OC-OPN −/−;−/− , and WT mice (n = 8 in each case) were harvested and notched in the anterior middiaphyseal region, using a slow-speed diamond blade (Buehler). The anterior side was chosen to mimic natural loading conditions during three-point bending tests (34) . Notched bones were soaked in saline for 1 h and tested in wet conditions. The bending tests were done on a custom-made fixture in the displacement feedback mode (Elf 3200; EnduraTEC) at a crosshead rate of 0.001 mm/s until fracture. The resulting load-displacement curves were used to calculate propagation toughness (34) . Microdamage was measured from 100-μm basic fuchsin-stained bone cross-sections located adjacent to the fracture surface in all tested specimens (n = 8 in each case).
Microindentation Tests. Microindentation tests were conducted on a bovine test specimen (fatigued as in fatigue protocol above) in a drip of saline at room temperature to mechanically assess the impact of diffuse damage and linear microcracks on local tissue hardness. To this end, a LecoDM-400FT Hardness tester (25-g load) was used to indent the areas of interest on epoxyembedded, longitudinal sections with 0.25-μm surface finish and parallel faces. Hardness (GPa) of damaged areas (diffuse damage or linear microcracks), and of their controls, was obtained by multiplying the resulting Vickers hardness number (VHN) by 9.81 × 10 −3 [VHN = (1,854.4 *P)/(d 2 ), where P = 25 g and d = mean diagonal length].
Cohesive Modeling. Crack-growth modeling (longitudinal orientation) of compact-tension (width = 14 mm; thickness = 3 mm) specimens was performed to determine the effects of linear microcracks and diffuse damage on R-curve behavior and uncracked ligament formation in human cortical bone, using the finite-element method incorporating a cohesive model previously used (35) . A finite-element model of the compact tension (CT) specimens was created using a finite-element program, FEAP (v7. 1, 1999) , composed of quadrilateral elements. The cohesive interface elements are placed in the direction of the expected crack growth. The simulations were carried out under plane strain assumptions. The R-curve slope was calculated for crack extensions of 1 mm. The uncracked ligament length was calculated on the basis of distance between the crack tip and the crack initiation locations in the adjacent layers. Further details are included in SI Materials and Methods.
Analytical Modeling. Effects of microdamage on crack bridging were assessed using an analytical model. The ratio of stress-intensity factors for diffuse damage and linear microcracks was calculated as
The ratio of bridging stresses (p DD /p MM ) was evaluated using the data from microindentation tests on diffuse damage and linear microcracks ðp DD = p LM = 13 = 7Þ.The crack-length values for linear microcracks (a LM ) and diffuse damage (a DD ) were taken from the literature (9) . Further details are in SI Materials and Methods.
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